We analyzed the varicella-zoster virus (VZV) transcriptome in 43 latently infected human trigeminal ganglia (TG) with postmortem intervals (PMIs) ranging from 3.7 to 24 h. Multiplex reverse transcriptase PCR (RT-PCR) revealed no VZV transcripts with a PMI of <9 h. Real-time PCR indicated a significant increase (P ‫؍‬ 0.02) in VZV ORF63 transcript levels but not the virus DNA burden with longer PMI. Overall, both the breadth of the VZV transcriptome and the VZV ORF63 transcript levels in human cadaver TG increased with longer PMI. P rimary varicella-zoster virus (VZV) infection causes varicella, after which the virus becomes latent in ganglia along the entire neuraxis; reactivation decades later results in herpes zoster (2). Studies of VZV latency have been restricted to analysis of human ganglia obtained at autopsy and have reported discrepant numbers and abundance of VZV transcripts (3-7, 9-11, 14, 16). The discrepancies may be due to methodological differences and/or the undefined (9-11), inexact (Ͻ24 h) (3, 5, 6, 14) , and long (average, 17 to 25 h) (4, 15) postmortem intervals (PMI) in obtaining cadaver ganglia. Herein, we searched for VZV transcripts in human trigeminal ganglia (TG) acquired not only at the usual intervals (PMI of 9 to 24 h) but also at earlier time points after death (PMI of 3 to 9 h).
P
rimary varicella-zoster virus (VZV) infection causes varicella, after which the virus becomes latent in ganglia along the entire neuraxis; reactivation decades later results in herpes zoster (2) . Studies of VZV latency have been restricted to analysis of human ganglia obtained at autopsy and have reported discrepant numbers and abundance of VZV transcripts (3-7, 9-11, 14, 16) . The discrepancies may be due to methodological differences and/or the undefined (9) (10) (11) , inexact (Ͻ24 h) (3, 5, 6, 14) , and long (average, 17 to 25 h) (4, 15) postmortem intervals (PMI) in obtaining cadaver ganglia. Herein, we searched for VZV transcripts in human trigeminal ganglia (TG) acquired not only at the usual intervals (PMI of 9 to 24 h) but also at earlier time points after death (PMI of 3 to 9 h).
Multiplex RT-PCR reveals no VZV transcripts in human TG with a PMI of <9 h. Our recent use of multiplex reverse transcriptase (RT-PCR) to examine human TG with an average PMI of 17 h revealed a wide variability among the VZV genes transcribed in human TG (16, 17) . Here, we extended the TG cohort with 17 additional samples obtained early after death (mean PMI of 7.75 h; range of 3.7 to 23.25 h) (Table 1) , resulting in a total of 43 TG from 25 donors with PMIs ranging from 3.7 to 24 h ( Table 2) . Poly(A) mRNA was extracted from ganglia, and 100 ng mRNA was reverse transcribed and amplified in each of five multiplex PCRs covering all 68 VZV open reading frames (ORFs) (16) . No VZV transcripts were detected with a PMI of Ͻ9 h, while the cellular control transcripts GAPdH, neurofilament (NF), and ␤-actin were detected in all samples by reverse transcriptase-linked real-time quantitative PCR (RT-qPCR) ( Table 2 and data not shown). In TG with a PMI of 9 h or more, transcripts mapping to VZV immediate-early ORFs 63 (65%), 4 (42%), and 62 (39%); early ORF 29 (32%); or late ORFs 11 (23%), 68 (19%), 40 (13%), 43 (6%), 41 (3%), and 57 (3%) were detected ( Table 2 ). The number of VZV genes transcribed correlated significantly with longer PMI (Fig. 1A) (r ϭ 0.59, P Ͻ 0.0001; Pearson's correlation test).
VZV ORF63 transcript levels in human TG increased with longer PMI. VZV ORF63 is the most frequent and abundant VZV gene transcribed in latently infected human TG (3, 4, (9) (10) (11) 16) . To determine whether VZV transcript abundance was affected by the PMI, cDNA was synthesized from 100 ng poly(A) mRNA extracted from all 43 TG and subjected to RT-qPCR analysis using primers and probes specific for VZV ORF63 along with cellular GAPdH and NF (4, 16) . GAPdH and NF were amplified in all ganglia but not when reverse transcriptase was omitted from the cDNA synthesis reaction (data not shown). Consistent with earlier findings (3, 4, (9) (10) (11) 16) , ORF63 was the most prevalent VZV transcript detected in latently infected human TG (Table 2) . VZV ORF63 transcripts were detected in 31 of 43 (72%) ganglia (Table  2 , last column), including those obtained when PMI was Ͻ9 h, and the abundance of VZV ORF63 transcripts increased significantly with longer PMIs (Fig. 1B) (r ϭ Ϫ0.42, P ϭ 0.02; Pearson's correlation test). There was no significant difference (P ϭ 0.27; Fisher's exact test) in the number of TG that contained VZV ORF63 transcripts in donors with a PMI of Ͻ9 h (7 of 12 TG; 58%) compared to a PMI of Ն9 h (24 of 31 TG; 77%) ( Table 2 ). The NF transcript levels were not affected by the PMI (Fig. 1C) . There was no significant difference in the abundance of VZV ORF63 tran- 
a Viral transcripts were determined by VZV transcriptome-wide multiplex RT-PCR and VZV ORF63-specific real-time quantitative PCR (RT-qPCR; last column) on cDNA generated from human TG-derived RNA. ϩ, transcript detected; Ϫ, transcript not detected. No correlation of VZV DNA load in human TG with longer PMI. The increased number of VZV transcripts (multiplex RT-PCR) and ORF63 transcript abundance (RT-qPCR) with longer PMI suggests postmortem VZV reactivation. Quantitative PCR analysis confirmed the presence of VZV DNA in 42 of 43 ganglia (VZV DNA was not detected in subject I), but the viral DNA load did not correlate with the PMI (Fig. 1G and data not shown) . Thus, if VZV reactivated after death, reactivation had not yet advanced to virus DNA replication within the time frame investigated. Finally, the lack of correlation between VZV ORF63 transcript levels and ganglionic VZV DNA load (Fig. 1H) indicated that ORF63 transcription was independent of the latent VZV DNA burden.
This study is the first to investigate the entire VZV transcriptome in human ganglia with a short PMI. We detected no VZV transcription early (Ͻ9 h) after death by multiplex RT-PCR but found multiple VZV transcripts in TG at Ն9 h postmortem as well as an increased abundance of VZV ORF63 transcripts with longer PMI. Compared to multiplex RT-PCR, the RT-qPCR assay was more sensitive to detect ORF63 transcripts (Table 2 ; data not shown). The sensitivity of the multiplex RT-PCR assay is 1 to 10 copies for 82% of analyzed VZV transcripts and 100 to 500 copies for the remaining 18% of VZV transcripts (16, 17) . Among the VZV transcripts detected in the TG analyzed in our current study (Table 2 ), 7 (70%) are detectable at 1 copy per sample and 2 (20%) up to 10 copies, and one transcript has been described to be detected from 100 copies/sample (Table 2) (16). Thus, differential VZV gene sensitivity of the multiplex RT-PCR assay did not account for the set of VZV transcripts detected in the TG analyzed. The data contrast with a previous study reporting no difference in simian varicella virus (SVV) transcription in ganglia removed immediately and 30 h after death, although ganglia from just 2 monkeys were analyzed for 7 transcripts and only at 2 postmortem intervals (12) .
The current study raises an important question regarding ongoing low-level VZV gene transcription during latency or de novo VZV gene transcription after death. Until an appropriate in vitro culture model of VZV latency is developed, studies of VZV latency must be restricted to human ganglia (3-7, 9-11, 14, 16) . While our data are consistent with continued VZV ORF63 transcription during latency with transcription of other VZV genes initiated only after death, a definitive answer would require analysis of human ganglia obtained during life, a situation not possible. The SVV nonhuman primate model of varicella latency provides an experimental setting to definitively determine the extent of virus transcription during latency (15) .
Our data showed that the VZV immediate early genes are the most frequently transcribed in human TG (Table 2) . However, the absence of increasing VZV DNA loads with longer PMI argues against viral replication that would be expected during VZV reactivation (Fig. 1E) . No immediate explanation for the detection of multiple VZV transcripts at Ն9 h postmortem, but not apparent at earlier time points, can be provided but may reflect the epigenetic state of the VZV genome. We have previously shown that late VZV genes 14 and 36 are epigenetically silenced, whereas genes 63 and 62 are maintained in a euchromatic configuration in human TG (8) . Future studies will address VZV genome-wide epigenetic modifications along with the detection and role of specific VZV transcripts, including ORF63, in human ganglia with a short versus long PMI. Correlation between PMI and number of VZV transcripts detected by multiplex RT-PCR; (B) correlation between PMI and abundance of ORF63 transcripts; (C) no correlation between PMI and abundance of neurofilament (NF) transcripts; (D) correlation of the abundance of ORF63 transcripts in paired left and right TG; (E) no correlation between vascular endothelial growth factor (VEGF) transcript levels and PMI; (F) no correlation between VEGF and ORF63 transcript levels; (G) no correlation between ganglionic VZV DNA load and PMI; or (H) abundance of ORF63 transcripts. Statistical analyses were performed using Pearson's correlation test (A to C, E, and F to H) and Wilcoxon matched-pair signed-rank test (D). Panel A and panels E and F contain VZV transcript data and VZV genome load levels, respectively, that in part have been published previously (see Table 2 and reference 16).
